Abstract Brain metastases are a major cause of morbidity and mortality in patients with advanced melanoma. Recent approval of several molecularly targeted agents and biologics has brought hope to patients with this previously untreatable disease. However, patients with symptomatic melanoma brain metastases have often been excluded from pivotal clinical trials. This may be in part attributed to the fact that several of the approved small-molecule molecularly targeted agents are substrates for active efflux at the blood-brain barrier, limiting their effective delivery to brain metastases. We believe that successful treatment of melanoma brain metastases will depend on the ability of these agents to traverse the blood-brain barrier and reach micrometastases that are often not clinically detectable. Moreover, overcoming the emergence of a unique pattern of resistance, possibly through adequate delivery of combination targeted therapies in brain metastases, will be important in achieving a durable response. These concepts, and the current challenges in the delivery of new treatments to melanoma brain metastases, are discussed in this review.
Introduction
Metastatic melanoma is the most lethal form of skin cancer, causing the majority of skin cancer-related deaths. Current estimates for the year 2016 are approximately 76,380 new cases of metastatic melanoma with 10,130 deaths in the USA alone [12, 120] . The fact that melanoma accounts for less than 2 % of skin cancer diagnoses represents a dire situation. Early diagnosis leads to a good prognosis with 5-year survival rates of over 90 % for patients with localized melanoma [22] . This survival rate falls steeply in patients with late-stage diagnosis and clinically evident metastases [22] .
Melanoma patients with visceral metastases have lower survival rates compared to those with localized metastases, e.g., sentinel lymph node disease. The most frequent sites of visceral metastases are the lung, liver, bone, and brain [21, 125] . An interesting observation is that the 1-year survival was higher when the only site of visceral metastases was the lung compared to other visceral metastases [125] . This could be an indicator of the importance of the metastatic microenvironment and/or drug delivery.
A frequent site of melanoma metastases is the brain. Up to 75 % of melanoma patients develop brain metastases within 3 years of diagnosis, and melanoma brain metastases (MBM) are associated with a median overall survival (OS) of less than 6 months. Most of these patients eventually die from progressive disease. About 55 % of all deaths in melanoma patients are due to the presence of MBM [22, 26, 121, 143] . Also, the presence of MBM in 55-75 % of melanoma patients at autopsy indicates a severely unmet medical need [51, 80] .
Brain metastases are difficult to treat due to limited surgical options, hindered drug delivery, and radiation effects on cognition, all of which lead to limited treatment options and poor OS. Patients with multiple brain metastases and extensive peripheral disease can have particularly poor survival, which can be as short as 1-2 months [54, 103] . Patients with one to three brain metastases are often treated with surgical resection or stereotactic radiosurgery, while those with several brain metastases typically receive whole brain radiation [42] . Even though over the course of the last decade the treatment of systemic (peripheral) melanoma has seen a tremendous progress, new treatment paradigms are definitely needed to improve outcomes for patients with MBM.
A basic shortcoming in the clinical development of treatments for melanoma is that several of the recently approved small-molecule drugs, such as the BRAF and MEK inhibitors, have been approved based on clinical trials that have excluded patients with symptomatic MBM. A review of the inclusion/ exclusion criteria of clinical trial data on clinicaltrials.gov indicates systematic exclusion of melanoma patients with brain metastases from several clinical trials testing novel therapeutic agents [26, 48, 121, 143] . Such exclusion criteria have led to a lack of clarity about the efficacy of recently approved drugs in the treatment of MBM. The aim of this review is to discuss the challenges encountered in the delivery of current therapies to address the dynamic complexity of MBM.
Biology of Formation of Brain Metastases
The interaction of metastatic melanoma cells with the bloodbrain barrier (BBB), the extracellular matrix (ECM), and the natural tropism of melanoma to the brain are a few important factors influencing the formation of micrometastases and establishment of brain disease [40] . The invasion and growth of tumor cells in the brain parenchyma are facilitated by the interaction of metastatic cells with the BBB endothelial cells and surrounding ECM components [39, 40, 64, 139] . The high percentage of brain metastases from advanced melanoma as compared to other solid tumors is suggestive of a possible brain tropism of metastatic melanoma [143] . The Bseed and soilĥ ypothesis proposed by Stephen Paget tries to explain the dissemination of tumor cells (Bseed^) from the primary site via the bloodstream to distant organs based on an inherent biochemical affinity of cancer cells for a certain distant site (Bsoil^) which further leads to the development of metastases [38, 39, 72, 108] .
Metastasis is a multistage process where the cancer cells from the primary site disseminate to distant organs. The metastatic cascade in the formation of MBM is comprised of a series of sequential processes where tumor cells escape from the primary tumor, enter the blood circulation, bind to the endothelial cells of the brain microvasculature, and extravasate/cross the BBB into the brain parenchyma [41, 65, 100, 139] . This is followed by invasion and interaction within the brain microenvironment leading to survival and proliferation of tumor cells. Based on the characteristics of the tumor cells, they can either grow by forming new blood vessels (angiogenesis) or develop by growing along preexisting blood vessels (vascular co-option) [39, 41, 90] . Once melanoma micrometastases are established in the brain, this process could repeat at each new micrometastatic site making it a whole-brain disease and causing localized treatment strategies to be less effective.
The ulceration of the primary tumor is the strongest independent predictor of development of MBM and drastically reduces survival. Ulceration could probably be a marker of increased propensity for hematogenous dissemination, ECM invasion, and development of MBM [34, 39, 41, 143] . However, further investigation is necessary to clearly elucidate the underlying molecular mechanisms for brain-specific tropism.
Even though the specific underlying interactions that lead to the formation of MBM are not fully known, there have been a few recent findings that relate to possible driving mechanisms. For example, the expression of the gene encoding PLEKHA5 in melanoma tumors has been found to increase the propensity of early formation of MBM [35] . The β1 integrins are known to play a central role in regulating the switch of cells to active and migratory mode helping with the metastatic cascade. This may be an important aspect in the process of formation of MBM [10] . Also, in another study, it was found that tight junction protein claudin1 was found to suppress the malignant phenotype in melanoma [63] . A deeper understanding of the driving mechanisms that control the formation of MBM will be valuable in both treatment and prevention.
Treatment Options in Patients with MBM
Magnetic resonance imaging (MRI) and computed tomography (CT) are techniques commonly employed for detection of brain tumors. Passive contrast agent (e.g., gadolinium)-enhanced MRI is more sensitive than CT and positron emission tomography (PET)/CT in the detection of brain tumors. However, image enhancement with large, hydrophilic contrast agents requires the breakdown of BBB, which in turn will lead to tumor detection in advanced metastatic disease, while missing detection of early micrometastases that are behind an intact BBB [121] .
Initial diagnoses and treatment response assessment have been challenging with current diagnostic tools. An indirect assessment of brain tumor burden using contrast-enhanced MRI and CT is not a reliable method capable of differentiating between tumor progression, pseudoprogression, and pseudoresponse. Newer quantitative and physiologic imaging biomarkers are being studied and are promising [95, 98] . However, they have not yet made a positive impact to the field of neuroimaging to an extent that will be of general benefit to patients with CNS tumors. Identifying markers that predict response early in the disease progression may guide the process of drug selection and help clinicians make better treatment decisions. The possible use of blood-based biomarkers for CNS tumor assessment is also being actively investigated [61] .
The therapeutic interventions employed for the treatment of MBM include surgery, radiation, and a combination of these with systemic therapies, both immunotherapy and chemotherapy [75, 108, 110] . Surgical resection is a preferred treatment option when feasible. In patients having solitary MBM in operable locations with a diameter of lesions over 3 cm, surgical resection is appropriate as it appears to prolong survival [70, 75, 110] . For smaller lesions with size less than 2 cm, or when the lesions are surgically inaccessible, stereotactic radiosurgery (SRS) is employed as an alternative. However, melanoma is a radiation-resistant tumor and also radiation is known to increase the risk of bleeding in brain lesions [11, 75, 110] . Whole-brain radiation therapy (WBRT) is considered for treatment when the patient has multiple MBM or for post-surgery/SRS control [46] . Systemic therapy would also be considered in the event of multiple systemic metastases at initial diagnosis [117] .
The last decade has seen a dramatic improvement in the treatment of metastatic melanoma with the approval of molecularly targeted agents and immunotherapies. There is a marked interest in the recently approved molecularly targeted therapies, and the clinical usefulness of these agents for treating MBM is being actively investigated [108, 110] . However, a durable response is yet to be observed with regard to treatment with small-molecule chemotherapeutic agents. An important reason for lack of clarity in clinical outcomes can be attributed to the fact that several of the pivotal clinical trials excluded patients with MBM. This may be attributed to the poor survival rates and complications associated with MBM treatment.
Systemic Therapies

Treatments from the Previous Era
Before the advent of molecularly targeted agents and immunotherapies, the standard therapy for metastatic melanoma was the alkylating agent dacarbazine, which resulted in a poor median survival of 5-6 months and was accompanied by severe toxic side effects [114] . The second option, high-dose interleukin-2 (IL-2), has a poor response rate of less than 5 % in patients with MBM and had significant toxicities including arrhythmias, hypotension, capillary leak syndrome, and severe neurological changes, thus making it a difficult treatment option [8, 9, 53] . Temozolomide therapy, another alkylating agent capable of crossing the BBB, results in a poor survival rate of 7 % and a progression-free survival of 1.2 months in MBM patients with no prior treatment [4] .
In the past few years, tremendous progress in the understanding of genetic drivers of melanoma has led to the development and FDA approval of molecularly targeted smallmolecule agents (e.g., vemurafenib, dabrafenib, trametinib, and cobimetinib) for the treatment of metastatic melanoma. However, the success of these agents in treating melanoma metastases in the brain depends upon the delivery across the BBB and to the micrometastases that reside behind an intact BBB [3, 90] .
Deregulated Signaling Pathways and Molecularly Targeted Agents
Oncogenic driver mutations in BRAF and NRAS of the mitogen-activated protein kinase (MAPK) signaling pathway, NF1 mutations, p53 mutations, and PTEN mutations have been identified to play key roles in the progression of melanoma [13, 60] . Novel therapies that target specific molecular drivers of cancer progression such as the MAPK and phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling pathways have brought new hope for improved treatment of metastatic melanoma in recent years. Figure 1 depicts the complex signaling cascade relevant to the small-molecule chemotherapeutics that can be used in the treatment of melanoma and their key targets.
The MAPK signaling pathway is deregulated in about 80 % of melanomas as well as in many other human cancers [25] . Normally, signaling via the MAPK pathway requires the binding of a growth factor, cytokine, or hormone to a receptor tyrosine kinase which leads to the activation of RAS. RAS is upstream of RAF and upon activation recruits RAF to the cell membrane which further signals via downstream MEK and ERK kinases leading to cell growth and proliferation. Activating mutations lead to constitutive signaling via the MAPK pathway that triggers nuclear translocation of phosphorylated ERK and subsequent gene transcription, leading to uncontrolled cell growth and proliferation [78, 111] .
An important therapeutic target in this RAS-RAF-MEK-ERK signaling cascade is a serine-threonine kinase BRAF, an isoform of RAF [137] . A sequencing effort in 2001 identified important point mutations in the BRAF gene, and further genetic analysis led to the finding that point mutations in BRAF are the most commonly found somatic mutations in melanoma with a prevalence of approximately 50 % [25, 57] . About 90 % of all identified BRAF mutations result in a V600E/D/K amino acid substitution which increases BRAF protein catalytic activity by approximately 50-200-fold as compared to wild type, resulting in constitutive activation of the MEK and ERK downstream proteins [25, 67, 137] .
BRAF-Targeted Therapy
Vemurafenib (PLX4032) is a highly selective, potent, and well-characterized small-molecule BRAF V600E/D/K inhibitor that was developed using a structural-biology guided drug discovery approach [130] . The FDA approved it in August 2011 for patients with late-stage melanoma harboring the V600E mutation. Vemurafenib showed a remarkable improvement in OS and progression-free survival (PFS) in a significant percentage of BRAF V600E-positive melanoma patients [15, 106] .
Like vemurafenib, dabrafenib (GSK2118436) is a potent ATP-competitive inhibitor of the BRAF kinase, the second BRAF inhibitor to be approved by the FDA after it showed comparable clinical response to that of vemurafenib [15, 55] . The safety and clinical response 
Resistance Mechanisms
Much of the current clinical data suggests that patients on BRAF inhibitors eventually stop responding to therapy due to the development of resistance and relapse of disease [99] . A resistance mechanism commonly associated with BRAF therapy has been the paradoxical activation of the MAPK pathway [96] . Mutations in upstream signaling proteins such as RAS or compensatory signaling from other growth factor receptors such as PI3K/mTOR may be driving the reactivation of the MAPK signaling and strengthening the resistance to BRAF therapy [43] . Mechanisms suggested for development of resistance to BRAF therapy include one or more of the following: activating mutations in NRAS, upregulation of upstream RAS protein or platelet-derived growth factor receptor (PDGFR), increased PI3K/mTOR signaling, loss of PTEN, upregulation of cyclinD1, and downregulation of p27Kip1 [6] . Activating mutations in NRAS could potentially lead to signaling via CRAF, circumventing the inhibition of BRAF. Also, the loss of PTEN is commonly found in melanoma that results in the increased signaling via the PI3K pathway [134] . The occurrence of PTEN mutations with the concomitant maintenance of BRAF suggests that the PI3K pathway may be a potential driver of resistance.
A rational combination of drugs (small molecule and immunotherapies) that target multiple signaling pathways may eventually be the standard of care for the successful treatment of melanoma. However, in the context of treating MBM effectively, the challenge is the sufficient delivery of all agents in the combination across the BBB to the target sites in the brain that may reside behind an intact BBB. Several new drug molecules are currently in development in combination with BRAF inhibitors such as RAS, MEK, and PI3K/mTOR inhibitors [86] .
MEK Inhibitors
In the context of delaying resistance, a recent success story is that of the orally bioavailable MEK (downstream on the MAP kinase pathway, i.e., MAP2K1, MAP2K2) inhibitor, trametinib, which was FDA approved as a single agent after it showed a 4.3-month PFS as compared to 1.5 months in the chemotherapy arm in phase 3 clinical trial in patients with BRAF V600E mutation [44] .
The combination of BRAF inhibitor dabrafenib and MEK inhibitor trametinib has shown significant improvement in PFS in melanoma patients (9.4 months in the combination arm as compared to 5.8 months on monotherapy) [43] which led to the FDA approval of the combination. Later, in 2015, the FDA approved a second MEK inhibitor, cobimetinib, in combination with vemurafenib when the combination led to a significant improvement in PFS in vemurafenib-naive patients as compared to vemurafenib alone [73, 104] .
However, acquired resistance to these combinations is a significant problem that needs to be addressed as a top priority in the search for a durable response [135] . In the case of the dabrafenib/trametinib combination, a case study looking at whole-exome sequencing (WES) and whole-transcriptome sequencing (RNA-seq) in five patients who had acquired resistance to the combination led to the identification of activating MEK2 mutations in three of the five patients [135, 136] . This mutation was found to confer a profound resistance to the combination of dabrafenib/trametinib [136] .
PI3K/AKT/mTOR Pathway Inhibition
It is observed that the PI3K/AKT/mTOR pathway is frequently altered by a functional loss of PTEN or the amplification of AKT [50] . Simultaneously, targeting of both the MAPK and the PI3K signaling is an approach that has been proposed and is actively being pursued in a subset of NRAS mutant melanomas [122] .
The PI3K signaling is downstream of the RAS signaling molecule. PI3K phosphorylates a second messenger, phosphatidylinositol-4,5-biphosphate, thereby generating phosphatidylinositol-3,4,5-triphosphate, which activates AKT. Activated AKT has several cellular and enzymatic substrates that promote cellular proliferation, growth, and survival. In this context, omipalisib (GSK2126458), a potent and selective inhibitor of PI3K and the mTOR, was considered for combination therapy, but the clinical trial was terminated for toxicity issues (NCT01248858). Other signaling pathways driven by AKT and cyclin D-cyclin-dependent kinases 4/6 (CDK4/6) complexes are being investigated intensely to identify novel targets that can improve combination therapy and delay resistance [82] .
CDK4/6 Inhibitors
The MAPK pathway and cell cycle checkpoint deregulation are frequently associated with NRAS mutant melanoma. Activation of the MAPK pathway can cause upregulation of cyclin D causing activation of CDK4/6 and cell cycle progression. This offers rationale to believe that simultaneous inhibition of MEK and CDK4/6 could have a synergistic effect in suppressing pathway activation and cell cycle progression [7] . A CDK4/6 inhibitor, abemaciclib (LY2835219), exhibited anti-tumor activity in a vemurafenib-resistant xenograft model [142] . In KRAS xenograft models, combination MEK and CDK4/6 inhibitor therapy, was found to be more effective than either agent alone [74] .
Pan-RAF Inhibitors
Reactivation of the MAPK pathway via various mechanisms including paradoxical activation by BRAF inhibitors has made it challenging to treat patients with melanoma. The recently developed pan-RAF inhibitors have shown potential to inhibit all isoforms of RAF with minimal paradoxical activation by inhibiting both homo and hetero dimers of BRAF and CRAF [20, 49, 85, 92] . The pan-RAF inhibitor LY3009120 exhibits anti-tumor activities in KRAS, NRAS, or BRAF mutant tumors [92] . CCT196969 and CCT241161 are pan-RAF inhibitors that also inhibit SRC family kinases (SFK). They could be active as first-line treatment for both BRAF and NRAS mutant melanomas and also as second-line therapy for relapsed patients who were treated with BRAF and BRAF/MEK inhibitors [49] . Recent in vitro studies suggest that combination of pan-RAF and MEK inhibitors can cause complete inhibition of the MAPK pathway and could prove to be effective in NRAS mutant melanomas that are highly dependent on MAPK signaling [7, 85, 138] .
Targeting Immune Receptors
Immune checkpoint blockade with antibodies has also been an important strategy that has been pursued to obtain durable responses in the treatment of metastatic melanoma. Antibodies directed against cytotoxic T lymphocyteassociated antigen 4 (CTLA-4), programmed death-1 (PD-1), and programmed death ligand-1 (PD-L1) have shown promising response in a subset of melanoma patients [24, 140] . The FDA has approved four new immunotherapies, as monotherapy and in combination (ipilimumab, nivolumab, ipilimumab and nivolumab combination, and pembrolizumab), for advanced melanoma within the last 5 years. Immunotherapies for advanced melanoma fall into the categories of immune checkpoint inhibitors, oncolytic viruses, and cytokines. Current understanding of the efficacy and safety of these immunotherapies for patients with MBM is incomplete and is mainly derived from smaller clinical trials or retrospective analysis as these patients are often excluded from larger trials.
Checkpoint Inhibition
Treatment with immune checkpoint inhibitors leads to activation and proliferation of T lymphocytes that are capable of attacking malignant tumor cells. Activated T cells can gain entry into the CNS, providing the rationale for treating brain metastases with immune checkpoint inhibitors [30, 36] . CTLA-4, a checkpoint protein expressed on T cells, competitively binds to ligands on antigen-presenting cells (APC) in order to suppress activation and proliferation of T cells (Fig. 2) . Ipilimumab (Yervoy, Bristol-Myers Squibb) is an anti-CTLA-4 monoclonal antibody and was the first immune checkpoint inhibitor to be approved by the FDA in 2011. Ipilimumab showed an improvement in OS in two phase III clinical trials in melanoma patients [58, 107] . Tremelimumab, a second anti-CTLA-4 antibody, did not show a statistically significant improvement in OS [105] .
The success with targeting CTLA-4 led to other approaches targeting immunological checkpoints. PD-1, expressed on activated T cells, and its ligand PD-L1 are negative regulators of T cell-based immune response. When engaged by its ligand such as PD-L1, PD-1 leads to suppression of immune response by causing inactivation of T cells and loss of effector function. Broadly, there are two categories of antibodies that target the PD-1/PD-L1 axis: antibodies that inhibit PD-1 and those that target and inhibit PD-L1 (Fig. 2) . Nivolumab (Opdivo, BristolMyers Squibb) and pembrolizumab (Keytruda, Merck), approved by FDA in 2014, are PD-1-targeting antibodies that have shown durable responses in phase I clinical trials in patients with solid tumors [127, 128] . The nature of the immune system to adapt to the changing tumor microenvironment may be advantageous in attacking the tumor cells. This provides a rationale for the durable responses seen with immunotherapies, as opposed to the responses observed with molecularly targeted agents due to acquired mutations [56, 79, 88] . A promising approach is to combine CTLA-4 and PD-1/PD-L1 antibodies for patients who benefit from immunotherapy as these checkpoints are believed to play separate roles in regulating anti-tumor responses. A combination of ipilimumab and nivolumab was one such approach that has shown durable responses in melanoma patients [140] . It remains to be seen whether immunotherapy can be effectively combined with molecularly targeted agents to improve patient outcomes while keeping side effects under control.
Other Treatments
Concerns of cerebral edema and neurotoxicity have until recently precluded the use of high-dose (HD) IL-2, a cytokine, in patients with brain metastases. Although case studies and small trials of HD IL-2 (n < 10) in this population have recently suggested that it may be safe for patients with MBM, its efficacy in these patients has not been evaluated in a larger study. [18, 97] . Other cytokines, including interferon alpha, have also been used in melanoma, with limited success and marked toxicity [66] . Some clinical studies have also evaluated granulocyte-macrophage colony-stimulating factor (GM-CSF) as a single agent or as adjuvant therapy with inconsistent results and unclear clinical benefit [68] .
The BBB Poses a Significant Challenge to Therapies BBB as a Significant Barrier to Successful Treatment of MBM The brain microvasculature is lined by a continuous endothelium consisting of cells closely held together by tight junctions (zonula occludens) and surrounded by ECM components, pericytes, and astrocyte foot processes, which together form the neurovascular unit, i.e., the BBB [1] . This intricate structure shields the brain from many xenobiotics, including a large variety of drug molecules. In addition, the BBB is also fortified by the presence of numerous and diverse transport systems belonging to the ATP binding cassette (ABC) and the solute carrier (SLC) families of proteins expressed on the basolateral and apical surface of the endothelial cells, and plays a critical role by causing influx and efflux of therapeutic agents used to treat brain diseases [1, 126] . The reader is directed to the article by Abbott et al. for a detailed understanding of the BBB.
Two of the ABC efflux transporters appear to be particularly important in limiting drug delivery to the brain. Pglycoprotein (P-gp, ABCB1, MDR1), a 170-kDa phosphorylated glycoprotein, and breast cancer resistance protein (BCRP), a 72-kDa half-transporter protein, are two highly expressed efflux transporters at the human BBB and are known to influence the CNS distribution of several drugs [2, 131] . The influence of these two efflux transport proteins is known to play a crucial role in the treatment of CNS diseases such as HIV and glioma [3, 87, 116] . In preclinical studies, there is strong evidence for the interaction of vemurafenib, dabrafenib, trametinib, palbociclib, cobimetinib, and omipalisib with P-gp and BCRP [17, 27, 33, 83, 84, 89, 132, 133] . The brain concentrations achieved by most of these drugs are less than 10 % of their plasma concentrations (Table 1) , and thus, it is less likely that therapeutic brain concentrations will be achieved before off-site toxicity in the periphery limits dose escalation. Active efflux at the BBB, mainly by P-gp and BCRP, is a key reason for lack of brain delivery of many therapeutic compounds [2, 32] .
Also, melanoma cells that have been previously treated with chemotherapeutic agents have been known to express the ATP-dependent efflux transporter ABCB5, while a side population of stem cells from melanoma tumors are known to express ABCB1 on the plasma membrane and ABCB5 intracellularly [16, 76] . The lack of efficacy of chemotherapy in treating brain tumors may partly be attributed to the presence of such secondary barriers in the tumor cells.
The BBB in brain tumors has long been thought to be compromised, and delivery of chemotherapeutics to the tumor cells was believed to be uninhibited [47, 93, 124] . Such a misconception is due to the fact that contrast-enhanced MRI is frequently used as a diagnostic tool for visualizing brain to diffuse into the brain parenchyma, indicating the tumor core location [90] . However, it is imperative to recognize that this technique can indicate the locations of leaky larger brain tumors and may be incapable of indicating smaller tumors that reside behind an intact BBB. Since the smaller brain metastases are not detectable by the current diagnostic techniques, they are referred to as Bsubclinical.^It is plausible that the brain metastases become leaky only after they reach a certain size while the micrometastases are still protected by an intact BBB. As a consequence, the clinical contrast-enhancing larger metastases with leaky BBB may have relatively uninhibited drug delivery while the subclinical protected micrometastases with an intact BBB still do not have adequate drug delivery (Fig. 3) . It has been reported that the BBB in brain metastases larger than 0.25 mm in diameter are leaky [39] . Therefore, these ideas and concepts indicate that it is crucial to treat both the larger metastases and the protected micrometastases to attain durable responses in patients with MBM. Though the last decade has witnessed the approval of essential molecularly targeted agents and immunotherapies that improved the treatment of metastatic melanoma, targeting MBM has been particularly challenging due to the location of the tumors in a protected CNS sanctuary. The failure of clinical trials that were designed to test novel drugs for brain tumors may be, in part, due to the presence of tumor cells that reside behind an intact BBB that escape treatment. A majority of therapeutic agents are limited in their ability to distribute to such locations, and this may be a key reason for therapeutic failure leading to poor prognosis in patients with MBM. As the novel systemic therapies continue to effectively control the extracranial tumors, the number of patients affected by brain metastases will continue to rise [46] . Patients treated with systemic treatments for extracranial metastatic disease may have an increase in the incidence of brain metastases possibly due to the limited brain distribution of these agents such as vemurafenib [84, 94, 108] . Also, as a consequence of such subtherapeutic drug exposure, there may be an eventual development of unique patterns of resistance in the brain. This highlights the importance of developing brain-penetrant drugs that are specifically designed to permeate an intact BBB and reach not only the larger, leaky brain tumors but also the protected micrometastases residing behind an intact BBB.
Despite the progress in the treatment of peripheral metastatic melanoma, the standard of care for patients with brain tumor metastasis remains surgery and radiation [52] . Ineffective delivery of chemotherapeutics to brain tumors along with the invasive nature of metastatic brain lesions and their ability to undergo frequent mutations are some hindrances that reduce effectiveness of systemic therapy and eventually lead to the development of resistance, a common trait of peripheral metastases especially in melanoma [129] . Furthermore, the use of these small-molecule chemotherapeutics in the clinic has shown conflicting results in effectiveness in brain metastases [108] . Newer novel drugs directed towards better molecular targets may extend patient survival by controlling peripheral disease, but the limited brain penetration will result in a pharmacological sanctuary within the brain for the tumor cells, which could cause a rise in the incidence of brain metastases (Fig. 4) . This could possibly worsen the disease, and thus, it is critical to focus on developing new therapeutic modalities that not only penetrate the BBB but also reach the intended target within the brain. If that goal is achieved, we may see a significant improvement in clinical outcomes. We also need to understand the mechanism by which the tumor cells migrate across the BBB to recognize how the circulating tumor cells may Bseed^the brain in areas of an intact BBB (Fig. 5) . Moreover, the tumor microenvironment could be constantly communicating with the tumor cells, playing an important role in its development. Metastases in the brain may behave very differently with regard to driver target evolution, expression of transporters, and therefore, response to treatment in the brain microenvironment versus peripheral sites (Fig. 6 ). Gaining such insights will provide a holistic understanding of the disease pathogenesis, which in turn will help us answer critical questions necessary to develop more effective therapies. A useful MBM model for preclinical studies should be reproducible and recapitulate the human disease in that it should have tumors that metastasize from primary, peripheral However, the presence of subclinical Bprotected^micrometastases behind an intact BBB, combined with the active efflux of drug molecules by efflux transporters at the BBB, may severely limit the delivery of anticancer agents to such Bsubclinical^tumors and will result in a lack of therapeutic efficacy sites with high proclivity to the brain, as seen clinically in patients with MBM [69] . Using unsuitable models to study metastatic brain tumors will result in misguided drug development efforts and poor translation to clinic. As an example, the protein expression in murine BBB has notable differences compared to that in human BBB. Relative P-gp and MRP4 expression are higher in mouse capillary endothelial cells than in human, whereas BCRP expression is higher at the human BBB [131] . Even so, our knowledge is still very limited about the species differences in terms of intrinsic activity of these transporters at the BBB. The relative transport of drugs at the BBB will depend on both expression and activity of the efflux proteins. Other aspects of a useful model for testing therapeutic strategies for translation to the clinic include the choice of tumor cells. Importantly, patient-derived xenografts (PDX) maintain the same histopathology and genetic and molecular characteristics observed in the patient from whom they were derived [14] . Tumor cells derived from PDX models can be injected or implanted extracranially in immunodeficient mice, and allowed to develop MBM in order to study the efficacy of small molecule therapies. However, since they must be established in immunocompromised mice, they are not suitable for studying immunotherapies or the immune component of the disease. Genetically engineered mice models (GEMM) that harbor mutations common to MBM are another useful tool [109] . These improved models that are more similar in growth patterns of human disease should provide a better platform to study the efficacy of new treatments, including the influence of drug delivery. Unfortunately, in spite of the recent advances in drug discovery for melanoma, the majority of therapies with potential for active efflux at the BBB may not achieve therapeutic levels in brain tissue, leading to ineffective therapy. Molecular mutations that cause unregulated tumor proliferation and growth are often preserved across many tumors. This leads to the design of target-based clinical trials that are conducted without sufficient understanding of delivery of the drugs to the target, especially the brain delivery of molecularly targeted agents. The hypothesis tested time and again is that the drugs showing therapeutic benefit in peripheral cancers will work in brain cancers. However, the clinical results have been routinely disappointing and do not support such a hypothesis. This shows that in vitro efficacy against tumor lines, and even in vivo efficacy against peripheral tumors in inappropriate animal models, is not sufficient to guide the development of experimental therapies for use in clinical trials for treating MBM. 
Preclinical and Clinical Examples
Small-Molecule Chemotherapeutics
An important factor that can contribute to the near 100 % mortality in patients with MBM is likely to be the limited brain permeability of small-molecule therapeutic agents across an intact BBB, hindering delivery to subclinical metastases in the brain. In this context, it is important to review the role of BRAF inhibitors for the treatment of MBM in addition to surgery and radiation therapy. In the case of vemurafenib, prior evidence through case studies in the literature suggests that there has been a potential lack of efficacy in the treatment of MBM [108] . Conversely, dabrafenib showed a promising reduction in tumor size in~90 % of the patients with MBM [37] . Also, vemurafenib was reported to be effective in MBM patients with 37 % of patients achieving >30 % intracranial tumor regression and 16 % achieving a confirmed partial response [median OS of 5.3 months] [31] . It is possible that such positive results could be seen due to the presence of larger leaky tumors in the patients evaluated. However, it is still not clear whether these drugs will be effectively delivered to micrometastatic sites, particularly those that are situated beyond an intact BBB. With this consideration, it is important to study the brain distribution of both these molecules in greater detail.
The combinations of BRAF and MEK inhibitors (dabrafenib/trametinib (GSK) and vemurafenib/cobimetinib (Roche)) are currently being tested in clinical trials for patients with melanoma that has metastasized to the brain. The primary purpose of the dabrafenib/trametinib study (NCT01978236) is to determine the distribution of these molecularly targeted agents in parenchymal MBM. The results of this study will indicate the distribution of dabrafenib and trametinib to resectable regions of MBM. However, the drug distribution to micrometastases that are undetected in the clinical setting will remain enigmatic. Our lab has demonstrated that dabrafenib has a greater brain to plasma distribution ratio than vemurafenib in preclinical studies conducted in mice [83] . This could be a possible explanation for the improved efficacy observed with dabrafenib. It was also observed that trametinib has a higher distribution ratio compared to vemurafenib and dabrafenib in preclinical models [83, 84, 132] .
Preliminary evidence in patients with MBM suggests that combining dabrafenib and trametinib with SRS may lead to improved survival compared to dabrafenib alone [91] . A rational hypothesis based on local concentration-effect relationships suggests that the success of single-agent or combination therapy to delay/overcome resistance is related to the ability of individual agents to cross the BBB and reach micrometastatic sites. Currently, several clinical trials are investigating the efficacy and survival benefit of molecularly targeted agents in treating patients with MBM. It will be of the utmost importance, however, to recognize that the local drug concentrations sampled via surgical resection in these studies may not be those concentrations that reflect eventual therapeutic outcome.
A novel CDK4/6 inhibitor, abemaciclib (LY2835219), is currently in a clinical trial in patients with MBM (NCT02308020). It has been reported to have an enhanced brain distribution due to saturation of efflux transport at the BBB in preclinical models of glioma [141, 142] . While the ability of abemaciclib to enhance its own brain distribution remains to be further verified and shown in the clinical setting, this attribute could potentially allow an enhanced efficacy in MBM. Other critical studies include a phase Ib/II clinical study of the combination of a MEK inhibitor binimetinib and a CDK4/6 inhibitor LEE011 (NCT01781572) [74] . Early clinical results are supportive of promising anti-tumor activity in patients with NRAS mutant melanoma [123] . This study has the severe drawback in determining efficacy in MBM, in that the study excludes patients with detectable brain metastases.
Immunotherapies
In a recent clinical trial, Margolin and colleagues evaluated the use of ipilimumab in 51 patients with active but asymptomatic MBM (cohort A) and 21 patients with symptomatic MBM (cohort B). Cohort A showed a 24 % response rate in brain metastases and a 27 % response rate in peripheral tumors. Cohort B showed lower response rates for both brain and peripheral metastases, possibly due to the immunosuppressive effects of corticosteroids [77] . Additionally, another phase II trial investigating the combination of ipilimumab and fotemustine enrolled melanoma patients with (n = 20) and without (n = 66) detectable brain metastases and found similar proportions of disease control between these two groups (50.0 and 46.5 %, respectively) [28] . Follow-up showed that the patients with brain metastases had long-term responses (2-and 3-year PFS of 35 and 25 %, respectively) [29] . In another clinical trial, 146 patients with asymptomatic MBM were treated with single-agent ipilimumab. The median PFS and OS were 2.8 and 4.3 months, respectively. The 1-year survival rate was about 10 % [101] . Retrospective analysis for a number of clinical trials has also yielded information on the efficacy of ipilimumab in melanoma patients with brain metastases, as summarized by Ajithkumar and colleagues [5] .
Pembrolizumab is currently being evaluated in patients with asymptomatic brain metastases not requiring steroids as a single agent for patients that have not yet received any prior treatments (NCT02085070). In addition to pembroliumab (anti-PD-L1), ipilimumab (anti-CTLA4) and nivolumab (anti-PD-1) are currently undergoing clinical evaluation for the treatment of patients with MBM. It will be critical to understand the role of the immune system in regulating intracranial tumor growth and whether or not these agents need to enter the brain to elicit an effect, in order to predict the efficacy of these agents in the treatment of MBM. Previous studies have reported that ipilimumab and cranial radiation is well tolerated in MBM patients, and early studies have indicated that the timing of radiation and immunotherapy administration may be important to optimize outcomes [113] . A retrospective analysis of patients with metastatic melanoma receiving ipilimumab did not show a reduction in the development of brain metastasis in the ipilimumab-treated group when compared with vemurafenib-treated patients [45] .
A case study that examined the use of pembrolizumab in treating a patient with MBM showed enhanced tumor burden after 11 days of pembrolizumab treatment. The authors report that the enhanced region was filled with microglial cells, inflammatory cells, and isolated clusters of tumor cells, all indicative of pseudoprogression [19] . In another case study, it was reported that an enhanced tumor burden was observed in a patient with MBM post-treatment with ipilimumab. A pathological review of resected brain metastasis revealed focal areas of necrosis with marked infiltration of the tumor by lymphocytes and melanophages [59] . The experience with such cases of pseudoprogression has been higher in patients with primary brain tumor, i.e., glioblastoma (GBM). In a study published by Sanghera et al., it was observed that GBM patients with pseudoprogression had a significantly longer median survival (124.9 weeks) compared to GBM patients showing disease progression (36 weeks) [112] . Additional studies report similar survival benefits in GBM patients with pseudoprogression [71, 102] . Mechanisms leading to a favorable prognosis in GBM patients with pseudoprogression could also be applicable in the context of MBM patients with pseudoprogression. Currently, there is no imaging technique that can reliably distinguish pseudoprogression from true progression [62] . As a result, there is a dilemma with respect to changes observed in brain tumor imaging early on in the disease that may be an indication of improved outcomes to treatment, or may turn out to be true progression.
Dual Immunomodulation and Sensitization to Immunotherapy
Given the success of immunostimulatory antibodies targeting CTLA-4 and PD-1, there is much interest in combining checkpoint inhibitors of multiple pathways to enhance the immune response and increase the proportion of patients who respond to treatment. The combination of ipilimumab and nivolumab was approved by the FDA in October of 2015. There is currently no clinical trial data specifically addressing efficacy of combination checkpoint inhibition in patients with MBM, but there are a number of ongoing trials, including a phase 3 clinical trial investigating efficacy of ipilimumab alone, ipilimumab with fotemustine, and ipilimumab with nivolumab in patients with brain metastases (NCT02460068 (NIBIT-M2)). Future combination therapies may include other co-inhibitory molecules such as PD-L1, LAG-3, TIM-3, VISTA, BTLA, and co-stimulatory molecules including CD40, OX40, CD137, and GITR, as well as cytokines and oncolytic viruses [81, 115, 118, 119] .
There are also trials testing an immune checkpoint inhibitor with radiation or conventional anti-cancer drugs in order to provoke an immunogenic tumor microenvironment that can be more easily detected by immune surveillance, hence Bsensitizing^the tumor to immunotherapy [118] . The case of President Jimmy Carter's remission from melanoma that had spread to both the liver and the brain, when treated with a combination of radiation therapy and pembrolizumab, is an example of combination therapy proving to be effective and brings new hope to treat this debilitating condition [23] .
Conclusions
Despite the dramatic improvement in the treatment of metastatic melanoma with the approval of several novel molecularly targeted therapies and immunotherapies, the utility of these agents in treating MBM has been controversial and limited in duration. As these novel therapies initially control the peripheral disease, there may be a rise in the incidence of MBM. A major reason for difficulty in treating MBM could be attributed to the limited distribution of the molecularly targeted agents across the BBB, due to the presence of tight junctions and efflux proteins. P-gp and BCRP, expressed on the luminal side of the BBB, are capable of actively effluxing various therapeutic agents used for treating melanoma. To achieve therapeutic success, the targeted agents should be delivered not only to the contrast-enhancing leaky larger tumors but also to the subclinical micrometastases protected by an intact BBB. Another important reason for lack of therapeutic success is development of resistance to therapies. Thus, it is imperative to develop brain-penetrant multitargeted agents or combination therapies that can be delivered effectively to the target sites, so that both delivery and resistance issues can be tackled. Incorporating these concepts in future clinical trials testing novel therapies will significantly enhance the progress towards a successful and durable treatment of MBM.
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